The aryl hydrocarbon receptor (AHR) is a ligand-activated transcription factor that binds 15 environmental toxins and regulates gene expression. AHR also regulates 16 developmental processes, like craniofacial development and hematopoiesis, in the 17 absence of environmental exposures. Zebrafish have three paralogues of AHR: ahr1a, 18 ahr1b and ahr2. Adult zebrafish with mutations in ahr2 exhibited craniofacial and fin 19 defects. However, the degree to which ahr1a and ahr1b influence ahr2 signaling and 20 contribute to fin and craniofacial development are not known. We compared morphology 21 of adult ahr2 mutants and ahr1a/ahr1b single and double mutant zebrafish. We found 22 that ahr1a/ahr1b single and double mutants were morphologically normal while ahr2 23 mutant zebrafish demonstrated fin and craniofacial malformations. At 5 days post 24 fertilization, both ahr1a/ahr1b and ahr2 mutant larvae were normal, suggesting that 25 adult phenotypes are due to defects in maturation or maintenance. AHR was shown to 26 interact with estrogen receptor alpha, yet it is not known whether these interactions are 27 constitutive or dependent on ahr1 genes. To determine whether estrogen receptors are 28 constitutive cofactors for AHR signaling, we used genetic and pharmacologic 29 techniques to analyze TCDD-dependent toxicity in estrogen receptor and ahr mutant 30 embryos. We found that embryos with mutations in ahr1a/ahr1b or estrogen receptor 31 genes are susceptible to TCDD toxicity while ahr2 mutant embryos are TCDD-resistant. 32
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Moreover, pharmacologic blockade of nuclear estrogen receptors failed to prevent 33 TCDD toxicity. These findings suggest that ahr1 genes do not have overlapping 34 functions with ahr2 in fin and craniofacial development or TCDD-dependent toxicity, and 35 that estrogen receptors are not constitutive partners of ahr2. 36
INTRODUCTION 38
The aryl hydrocarbon receptor (AHR) is a ligand-activated transcription factor 39 (Burbach et al., 1992) . In the nucleus, AHR forms a heterodimer with aryl hydrocarbon 40 receptor nuclear translocator (ARNT) (Reyes et al., 1992) . The AHR-ARNT complex 41 recruits transcription factors and binds xenobiotic response elements DNA sequence 42 (XRE) to regulate gene transcription (Cuthill et al., 1989; Denison et al., 1988a ; 
Micro-CT Analysis 238
Adult zebrafish heads (4 per sex per genotype) were collected at 3-6 months post-239 fertilization and fixed overnight (18-24 hours) in 4% formaldehyde in PBS and stored in 240 70% ethanol at -20°C until further analysis. For imaging, heads were embedded in 1.5-2 241 mL microcentrifuge tubes (Fisherbrand, #05-408-129 and Genesee, #24-283) in 1% 242 agarose. Scanning was performed on a Bruker SkyScan 1272 Scanner at 50.0 kV/200 243 μA with 9 μm voxel resolution and 280 ms exposure time. 3D reconstructions were 244 made with CTVox software and relative skull and jaw lengths were measured in ImageJ. 245
246

Experimental Design and Data Analysis 247
TCDD exposure experiments were performed on at least 8 embryos from a single clutch 248 per treatment group or vehicle control group. Experiments were performed on 2-5 249 clutches for each genotype except for ahr1a uab139/-, which was performed on one clutch 250 of 24 embryos per treatment group. For esr2b uab127 , embryos were derived from 251 breeding heterozygous parents and analyzed as a mixed clutch of embryos (esr2b
uab127-
252
/-,-/+,+/+ ) where experimenter was blind to genotype. One esr2b mutant clutch was 253 genotyped to confirm presence of homozygous and heterozygous embryos in 254
Mendelian ratios. Other clutches are presumed to contain 25% homozygous mutants. 255
Mean larval fin length and jaw length were measured from at least 7 larvae per 256 genotype. Values were adjusted for eye diameter to control for differences in growth 257 between larvae. Genotypes were compared using one-way ANOVA with Tukey's 258 multiple comparisons test. Mean ventral skull width and standard length of adult 259 zebrafish was used for comparing genotypes by sex using a two-way ANOVA with 260 Tukey's multiple comparisons test where factor 1 is genotype and factor 2 is sex. 261
Statistical significance was set at p ≤ 0.05. GraphPad Prism 7.0d software was used for 262 all statistical analyses and for producing graphs. 263
264
RESULTS
266
Generation of aryl hydrocarbon receptor mutant zebrafish 267
To compare the function of the three zebrafish aryl hydrocarbon receptors (ahr1a, ahr1b 268 and ahr2), we utilized CRISPR-Cas9 technology to generate single and double ahr1 269 mutants ( Figure 1A -B, Table 1: ahr1a uab139 , ahr1b uab141 ) and an ahr2 mutant ( Figure 1C , 270 Table 1: ahr2 uab147;uab148 ). For ahr1a, we generated embryos with a 12-basepair (bp) 271 deletion and 7-bp insertion within the transactivation domain in exon 10, which results in 272 a frameshift mutation at amino acid (AA) 440 and a premature stop codon at AA446. 273
For ahr1b, we generated embryos with a 7-bp deletion in exon 7, resulting in a 274 frameshift mutation at AA255 and premature stop codon within the ligand binding 275 domain at AA271. These guide RNAs were injected simultaneously to generate both 276 single ahr1a uab139 and ahr1b uab141 mutants as well as a double ahr1a uab139 /ahr1b uab141 277 mutant. Finally, we generated embryos with two different mutations in ahr2: uab147 and 278 uab148. Guide RNAs to two targets were created: target 1 in exon 2 of the basic helix-279 loop-helix (bHLH) domain and target 2 in exon 3 upstream of the PAS-A domain. Guide 280
RNAs for each of these targets were injected simultaneously for uab147 (target 1) and 281 uab148 (target 2). The ahr2 uab147 allele contains a 140-bp insertion in exon 2, resulting 282 in a frameshift mutation at AA33 and premature stop codon at AA38 in the bHLH 283 domain. Embryos with this mutation also inherited the mutation for uab148 (5-bp 284 deletion in exon 3 resulting in a frameshift mutation at AA98 and premature stop codon 285 at AA133), although this mutation is downstream of uab147 and therefore does not 286 influence the mutant transcript. Bisson, Janszen, Waters and Tanguay, 2012). We therefore first validated our ahr2 298 mutant line by analyzing fin morphology of adult zebrafish mutants. We found that 299 ahr2 uab147/-mutant adults of both sexes (n=8 per sex) had severely deformed or absent 300 anal, caudal, and pectoral fins ( Figure 2E -E'). To test whether this phenotype was 301 specifically due to loss of ahr2 function, we analyzed fin morphology in ahr1a uab139/-, 302 ahr1b uab141/-, and ahr1a uab139/-;ahr1b uab141/-mutant adult zebrafish (n=8 per sex per 303 genotype). We found that fins developed normally in these mutants in males and 304 females (Figure 2A-D with easily identifiable landmarks on 3D reconstructions from μCT data ( Figure 3G ). To 320 determine if ahr1 genes are also important for proper craniofacial morphology, we 321 performed μCT analysis of ahr1a/ahr1b double mutant fish. We found no significant 322 difference between ahr1a/ahr1b double mutant zebrafish and wildtype (Figure 3E-F Since we observed fin defects in ahr2 mutant adult zebrafish, we tested whether fin 337 defects were present in larval development. We compared the length of the pectoral fins 338 at 5 dpf in ahr2, ahr1a, ahr1b, and ahr1a/ahr1b mutant and wild-type larvae. All 339 measurements were corrected for embryo size using eye diameter (Table 3) . We found 340 no significant difference in pectoral fin length between ahr2 mutant and wildtype larvae 341 (Table 3 , Figure 4 A,E,G; wildtype=472.9±9.0 μm (mean±SD), ahr2 uab147/-=464.0±29.49 342 μm, p=0.85, one-way ANOVA). We next compared pectoral fin length between ahr1 343 mutants and wild-type larvae, and saw no significant difference (Table 3, Figure 4A -344 toxicity or mortality at 3 dpf, suggesting a single copy of ahr2 is sufficient to induce 385 TCDD toxicity (Table 4 , Figure 5K -L). Less than 18% mortality was observed in all 386 DMSO-treated embryos from the same clutches and ≤17% of DMSO-treated embryos 387 exhibited pericardial edema or abnormal heart looping at 3 dpf (Table 4) , providing 388 evidence that observed cardiotoxicity is specific to TCDD treatment and not a side effect 389 of mutation. Overall, these results suggest that Ahr1a and Ahr1b are not required for 390
TCDD toxicity. 391 392
Estrogen receptors are not required for TCDD-induced cardiotoxicity in embryos 393
AHR is a ligand-dependent transcription factor that partners with the aryl hydrocarbon 394 receptor nuclear translocator (ARNT) along with other cofactors at dioxin response 395 elements in the DNA to mediate changes in gene transcription (Burbach, PCE or abnormal heart looping at 3 dpf ( Goodale, La Du, Bisson, Janszen, Waters and Tanguay, 2012), resulting in a "damaged 442 fin" phenotype. However, in our mutant we observe almost complete absence of anal 443 fins, more akin to the zebrafish mutant finless (Haffter et al., 1996; van Eeden et al., 444 1996) . This mutant was later discovered to harbor a mutation in the edar gene encoding 445 the ectodysplasin A receptor (Harris et al., 2008 
mechanism Ahr2 is involved in fin morphology and immune system function. 460
The increased severity of fin defects in our mutant compared to previously 461 published mutants could suggest that previously published ahr2 mutant zebrafish are 462 hypomorphic rather than complete null alleles. Another possibility is that background 463 mutations inherited along with ahr2 mutations influence the fin phenotype. The 464 presence of background mutations in the ahr2 uab147/-line is unlikely, as heterozygotes 465 were crossed to wild type for at least three generations before heterozygotes were 466 crossed to each other to generate homozygous embryos. Strain differences could also 467 account for phenotypic differences between mutants. ahr2 hu3335 and ahr2 osu1 mutants 468
were generated on the 5D wild-type strain ( 
Bisson, Janszen, Waters and Tanguay, 2012). In our analysis of ahr mutant skulls using 480 μCT, we observed a narrowing of the ventral skull exclusively in ahr2 mutants. This 481 narrowed ventral skull shape in ahr2 mutants is suggestive of disrupted skull patterning. suggests that Ahr2 may play a role in post-embryonic dermal skull development in 490 zebrafish. In a study screening for mutants that affect post-embryonic zebrafish 491 development, one mutation classified as "broadly affecting the dermal skeleton" (dmh3 492 mutant) was identified as a missense mutation in the edar receptor (Henke et al., 2017) . 493
This receptor severely disrupts fin growth, as described above, and was also shown toaffect scale formation. Although skull morphology was not reported for this mutant, it is 495 possible that the ventral skull defect observed in ahr2 mutants is related to the edar 496 pathway. Further work is required to support or reject this hypothesis, including analysis 497 of scale development and morphology in adult ahr2 mutants. Additionally, future work 498
should determine the precise developmental stage at which fin and skull defects first 499
appear. 500
Though the present study and previous work demonstrate roles for Ahr2 in fin 501 and craniofacial development, less is known about the function of Ahr1a and Ahr1b in 502 zebrafish. Further, ligands with the ability to activate Ahr1a or Ahr1b in vivo have not 503 been characterized. A recent study evaluated the function ahr genes in vascular 504 development in zebrafish embryos using an ahr1a single mutant, a double ahr1b/ahr2 505 mutant and a triple ahr1a/ahr1b/ahr2 mutant (Sugden, Leonardo-Mendonça, Acuña-506
Castroviejo and Siekmann, 2017). All mutants were grossly normal during development 507 up to 5 dpf, consistent with normal morphology in our mutant embryos. When 508 comparing endogenous and βNF-induced expression of the AHR target gene cyp1a1, 509 they found that ahr1a mutants had normal expression patterns of cyp1a1, while 510 ahr1b/ahr2 and ahr1a/ahr1b/ahr2 mutants lost both endogenous and βNF-induced 511 cyp1a1 expression. This is in contrast to ahr2 single mutants, which retained partial 512 endogenous and βNF-induced cyp1a1 expression. These results support the theory that 513
Ahr1b, but not Ahr1a, is an active AHR paralogue. It is possible, however, that Ahr1a 514 may activate other target genes that were not studied. Further, no toxicity or abnormal 515 morphology was reported with βNF treatment in wild-type embryos or in ahr mutant 516 embryos. Therefore, the biological relevance of Ahr1b-specific cyp1a1 activation is 517 Combined with our results that Ahr1a and Ahr1b are not required for TCDD-dependent 526 toxicity in embryos, these results suggest that zebrafish ahr1 receptors are not required 527 for canonical AHR signaling, but may have ligand-and tissue-specific effects outside of 528
TCDD-mediated toxicity. 529
Though the previously cited studies, and the current study, suggest ahr genes 530 are not essential for embryonic or larval development, this study is the first to 531 characterize the effect of ahr1a and ahr1b mutation on adult morphology. In contrast to 532 ahr2 mutants, which display dysmorphic fins and skulls in adulthood, ahr1 single and 533 double mutants are morphologically normal. This suggests that ahr2 is the primary 534 zebrafish AHR paralogue regulating both endogenous and environmentally-induced 535 AHR activity. We cannot rule out, however, that less obvious phenotypes are present in 536 ahr1 mutants that affect normal physiology or susceptibility to environmental stress. 537
Additionally, it should be noted that it is possible that the lack of phenotypes in ahr1 538 mutants are due to hypomorphic alleles. 539
In addition to investigating the function of Ahr1a and Ahr1b in toxicity and 540 development, we also investigated AHR/ER crosstalk in zebrafish embryos. AHR has 541 been shown to regulate ER function both negatively and positively via direct protein-542 protein interaction and ubiquitination (Ohtake, (A'-E') Jaw profile, sagittal view. (F) Example measurements used for data in graphs quantifying fin (G) and jaw (H) length. Arrows point to regions measured for fin and jaw length quantification outlined in red. There is no significant difference in fin length or jaw length in ahr1 or ahr2 mutant larvae compared to wild-type. p>0.05, one-way ANOVA with Tukey's multiple comparisons test. Scale bars in A and A' = 200 μm and apply to panels B-E and B'-E', respectively. Fin and jaw lengths were corrected for standard length of each fish using eye diameter. Embryos of the indicated genotype were exposed to DMSO, TCDD, or the estrogen receptor antagonist ICI182,780 at 3 dpf. esr2b mutant embryos were derived from heterozygous parents, thus the clutch contained a mix of wild type and mutant embryos (denoted as wild-type +/+, heterozygous -/+, or homozygous -/-, panels G-H). Other mutant embryos were derived from homozygous parents and are denoted as maternal zygotic (MZ). Images in panels A-N display overview images of treated embryos and red asterisks denote embryos detailed in panels A'-N' and A''-N''. Black arrows in panels A''-N'' point to the heart within the pericardial cavity. Pericardial edema and failure of heart looping is present in 100% of embryos from all TCDD-treated groups. Scale bar in panel A = 1 mm and applies to panels B-N. Scale bars in panels A' and A'' = 100 μm and apply to B'-N' and B''-N'', respectively. Wildtype embryos in panels A-B are the same embryos shown in Figure 5A -B. Table 3 . Embryo fin and jaw length normalized to eye diameter. Embryos are grouped by genotype with 7-13 embryos per group. All embryos were fixed at 5 days post fertilization prior to imaging.
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The eye diameter for each embryo was measured, then the average eye diameter of all embryos was calculated ("Total embryo average"). To create a normalization factor for each embryo, the total embryo average eye diameter was divided by the individual embryo eye diameter. The normalization factor was then multiplied by the raw fin length or raw jaw length values to create corrected values for each measurement. Corrected values were used in all statistical analyses. 
